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ABSTRACT

The relatively thin web of salt that separates Bayou Choctaw Caverns 15
and 17 was eval uated using the finite-el enent nethod. The stability
calcul ations provided insight as to whether or not any operation
restrictions or reconmendations are necessary. Because of the
uncertainty in the exact dinensions of the salt web, various web
t hi cknesses were exam ned under different operating scenarios that
i ncl uded individual cavern workovers and drawdowns. Cavern workovers
were defined by a sudden drop in the oil side pressure at the wellhead
t o at nospheric. Wor kovers represent periods of |ow cavern pressure.
Cavern drawdowns were sinulated by enlargening the cavern dianeters,
thus decreasing the thickness of the web. The calcul ations predict that
Cavern 15 doninates the behavior of the web because of its |arger
di anet er. Thus, given the choice of caverns, Cavern 17 should be used
for oil withdrawal in order to mninze the adverse inpacts on web
resulting from pressure drops or cavern enlargenent. From a stability
point of view, maintaining nornal pressures in Cavern 15 was found to be
more inportant than operating the caverns as a gallery where both
caverns are nmintained at the sane pressure. However, during a
wor kover, it may be prudent to operate the caverns under simlar
pressures to avoid the possibility of a sudden pressure surge at the
wellhead should the web fail.



CONTENTS

1.0 IntroduCtion ... ..
2.0 Finite-Element Mdel ... .
3.0 Constitutive Mdel ... . . .
4.0 ResUltS ..
5.0 CoNnClUST ON ot
Ref erences ... .
ANl X o e e

10

13

16



FI GURES

Site Layout at Bayou Choctaw Showi ng Cavern Qutlines and Top
of Salt Contours (ft below surface). .......... ... ... ... ... .

Vertical Cross-Section of Caverns 15 and 17. ... ........ ...,

Finite-El ement Mesh Used in Wb Analysis for Caverns 15 and
1

Predi cted Factors of Safety for Salt Stability at Sides of
Wb During The Initial 30 Years of Simulation. .. ... ... ... ..

Predicted Distribution of Safety Factors in Wb at 30 Years,
30.25 Years (End of Cavern 15 Wrkover), and 30.75 Years (End
of Cavern 17 Workover). ... ... ...

Predi cted Factors of Safety at Sides of Wb From 30 to 45
Years Showi ng Effects of Wrkovers and Drawdowns on Wb
Stabi lity.

Predicted Distribution of Safety Factors in Wb at 30, 35,
40, and 45 Years. ..

Predi cted Web Thickness During Periods of Wrkovers and
Drawdowns. ..

Conparison of Measured Axial Strains from BC Creep Test QG4N
with Predictions fromthe Minson- Dawson (M D) Model, . . .. . .

18

19

20

21

22

23

24

25



TABLES

Cavern Pressure Histories ......... ... ... ... i 4
Enlargement in Cavern D anmeters Due to Leaching During

Drawdowns . o 5
Mechani cal Properties of Bayou Choctaw Salt .............. .. 9
Test Data for Bayou Choctaw Test QG4N . ..................... A-1



1.0 I NTRODUCTI ON

The Strategic Petroleum Reserve (SPR) was created to reduce the
vulnerability of the United States to interruptions by foreign oil
suppl i ers. Approxi mately 570 million barrels (MVB) of crude oil are
presently stored underground in salt domes at five sites |ocated al ong
the @Qulf of Mexico. Most of the crude oil is stored in |eached caverns

The initial caverns, known as Phase |, were acquired rather than | eached
anew. As a result, some of the cavern spacings were closer than would
now be recomended under the design guidelines for new caverns (SPR,
1987). Bayou Choctaw Caverns 15 and 17 were anong those caverns
acqui red during the devel opment of the SPR A relatively thin web of
salt separates the caverns and there is uncertainty regarding the
t hi ckness of the web. As such, the manner in which the caverns are
operated is affected. A large pressure differential across the web

could cause the caverns to communicate and possibly the web to rupture

The stability of the web of salt that separates Bayou Choctaw Caverns 15
and 17 was evaluated using the finite-element method. The cal cul ations
provide insight as to whether or not any operational restrictions or
recommendati ons are necessary. Because of the uncertainty in the exact
di nensions of the salt web and in the future operations of the caverns,

vari ous web thicknesses were exam ned under different operating
scenarios that included individual cavern workovers and drawdowns.

Cavern workovers were defined by a sudden drop in the oil side pressure
at the wellhead to atnospheric and thus represent periods of |ow cavern
pressure. Cavern drawdowns were sinmul ated by enl argening the cavern
dianeters, thus decreasing the thickness of the web from 156 ft to only
56 ft.

Previous elastic-plastic web analyses (Ney, 1979; and Hlton, Tillerson,
Benzl ey, and Gubbels, 1980) of the caverns predicted potential tensile
failure in the web due to uneven | oading across the web. However, the
anal yses did not include a creep constitutive nodel for salt and

sinulated the |loading as instantaneous. This work was done prior to the



devel opnent of a creep nodel and |aboratory testing of Bayou Choctaw

salt properties.

The updated anal yses presented in this report use the MD salt creep
nodel (Minson, et al., 1989a) with Bayou Choctaw salt specific
properties, apply time-dependent |oading cycles, and include a
conpressive failure criterion based upon the accurul ated inelastic
strain (Preece and Wawersi k, 1984).

2.0 FI'NITE- ELEMENT MODEL

The site layout at Bayou Choctaw is shown in Figure 1. O particular
interest are the location of Caverns 15 and 17 relative to each other,
their neighbors, and the edge of the done. These distances are needed

to define the boundaries of the finite-elenment nodel.

Figure 2 shows an east-west vertical cross-section through Caverns 15
and 17. There is uncertainty as to the exact cavern dinensions and web
thi ckness and they both vary with depth. The values used in this study
approxi mate averages and are based on Figure 2. The caverns are spaced
460 ft center-to-center. Cavern 15 has a dianmeter of approximtely 430
and Cavern 17 has a diameter of approximately 177 ft in its upper
portion. The resulting web of salt separating the two caverns is
initially 156 ft thick and will decrease to 56 ft after 6 drawdowns-- 3
for each cavern. This range in web thickness should cover the
possibilities. Some estinmates place the caverns within 110 ft or less
(Neal , Magorian, and Acres, in prep.).

The analysis examines a horizontal cross-section at a depth of 3000 ft
bel ow the surface. The finite-element mesh is shown in Figure 3. Gven
the aspect ratio of the cavern geonetries, a plain strain representation
was assuned; therefore, the caverns are nodeled as infinitely long. At
the sinulated depth, ‘the distance to the edge of the dome is
approximately 1150 ft from the centerline of Cavern 17. At the outer



boundary, a constant lithostatic pressure of 2858 psi was applied. This
val ue was estimated assuming the 637 ft of overburden and caprock
material to contribute a stress gradient of 1 psi/ft of depth and the

underlying salt a stress gradient of 0.94 psi/ft of depth.

The distance, volumes, and relative depths of the neighboring caverns
were used to estimate boundary locations for the nmodel.  For purposes of
this nmodel, Caverns 4 and 18 |located to the south and the UTP and Allied
caverns to the north forned a top nodel boundary at 396 ft from the
centers of the caverns. Caverns 2 and 3 located to the west formed a
side boundary at 475 ft fromthe center of Cavern 15. The boundary
conditions assigned to the north, south, and west boundaries of the
nodel nechanically represent rollers allowing free displacenent paralle

to the boundary, but fixed displacement in the normal direction thus

restricted salt flow vertically at the boundari es. These boundari es
simul ate planes of symetry for both geometry and | oadi ng. As such,
only 1/2 of the needed cavern geonetry is neshed. The sinul at ed

geonetry idealizes the entire site as 4 infinitely long rows of caverns.
The caverns in the center 2 rows are the size of Cavern 15 and the outer

2 rows the size of cavern 17. Since this idealization is not conpletely

accurate, nmacroscopic (cavern) performance will not be eval uated.
Rather, attention will concentrate on the web that separates the
caverns.

The first year of simulation gradually lowered the cavern pressure from
lithostatic (2860 psi) to the assumed cavern operating pressure (2000
psi at 3000 ft) for each cavern. There is uncertainty in the operating
hi stories of Caverns 15 and 17 as they were created in the md 1950's
and acquired for use by the SPRin the late 1970's and nmid 1980's,
respectively. While in SPR use, the operating pressure range has
narrowed over tine. For exanple, in 1979 the operating pressure range
was 384 to 1357 psi wellhead (add 1110 psi for pressure at the 3000 ft
deep web) and in recent years 825 to 1000 psi well head. Prior to SPR
use, the caverns were used for ethane storage with pressures up to 2000
psi at the web. Wellhead pressures for ethane may be cal cul ated by

assuming a density gradient of 0.16 psi/ft.



The next 29 years of simulation assuned a constant pressure of 2000 psi
for the caverns. This part of the analysis is intended to sinmulate the

maturity of the present day caverns. Next, three 5-year cycles were
si mul at ed. This portion of the analysis operationally exercises the
caverns. The purpose is to exanmine the effects of workovers or |ow

periods of pressure and drawdowns on the stability of the web for future
operation of the caverns. The workovers create |arge pressure
differentials across the web. The drawdowns, which renove salt, enable
the stability of thinner webs to be eval uated. Each cycle has a
workover and drawdown associ ated with each cavern according to Table 1.

Table 1
Cavern Pressure Histories
Ti me Cavern 15 Cavern 17
(years) Pressure si Pressure (psi) Comment s
0 2860 2860 Lithostatic
1-30 2000 2000 Average Historic
Operating Pressure

30 - 30.25 1110 2000 Workover 15
30.25 -30.5 2000 2000
30.5 -30.75 2000 1110 Workover 17
30.75 -31 2000 2000
31 2000 2000 Drawdown 15
31.25 2000 2000 Drawdown 17
35 -35.25 1110 2000 Workover 15
35.25 -35.5 2000 2000
35.5 -35.75 2000 1110 Workover 17
35.75 -36 2000 2000
36 2000 2000 Drawdown 15
36. 25 2000 2000 Drawdown 17
40 - 40.25 1110 2000 Workover 15
40.25 -40.5 2000 2000
40.5 -40.75 2000 1110 Workover 17
40.75 -41 2000 2000
41 2000 2000 Drawdown 15
41.25 2000 2000 Drawdown 17
45 2000 . 2000 End of Sinulation



Wor kovers were assumed to have a wellhead pressure of 0 psi (or 1110 ps

at 3000 ft) for 3 nonths. This is a conservative tinme period if the
caverns are repressured via fluid transfer after the workover is
conpl et e. Cavern repressurization is the recomrended process. |If
however the caverns are left to repressurize on their own due to the
creep of the salt, a longer time period may be required, In these
anal yses, after 3 nonths, the caverns were pressured up to the normal
operating pressure at a wellhead pressure of 890 psi or 2000 psi at 3000
ft below surface. Al pressure drops and increases were stepped over a
1 day period with incremental pressure not exceeding 150 psi. Drawdowns
were simulated at a pressure of 2000 psi at the web by renoving 1 ring
of surrounding el enments. The drawdown history and resulting cavern
di aneters and web thickness are reported in Table 2. Each drawdown was
assuned to enlarge the cavern dianmeter by 10 percent. This value is an
average di ameter change derived by assuming that seven volumetric units
of fresh water dissolve one volunetric unit of salt. In actual
practice, the bottom diameter of the cavern may be enlarged to as nuch

as 20 percent with only mnor enlargement in the roof area

Table 2
Enl argenent in Cavern Dianeters
Due to Leaching During Drawdowns*

Ti me Cavern 15 Cavern 17 Web Thi ckness
/ Years) D aneter (ft) Di aneter (ft) (ft)

31 430 to 473 156 to 135
31.25 177 to 195 135 to 126

36 473 to 520 126 to 102
36. 25 195 to 214 102 to 93

41 520 to 572 93 to 67

41. 25 214 to 236 67 to 56

*Di mensi ons do not account for creep

The stability criterionis based on the accunul ated effective strain of
the salt. For confining pressures above 500 to 870 psi, the maxi mum
al l owabl e strain has been defined as 13.8 to 15.5 percent, respectively



(Krieg, 1984; Mnson, 1989; and Preece and Wawersik, 1984). These
results are based on the neasured strains at yield obtained from
| aboratory triaxial creep tests on salt. According to the criteria, the
maxi mum al |l owabl e strain limt increases with confining pressure. For
purposes of evaluating the analyses in this report, where the cavern
pressure does not drop below 1110 psi, the maxi num al | owabl e accunul at ed
strain is assuned to be 15.5 percent. Fromthis value, a safety factor
is defined as sinply the ratio of maximumal | owabl e strain (15.5% to
the effective strain in the salt. From this sinplistic approach,

potential areas of instability can be defined by safety factors |ess

t han one.

3.0 CONSTI TUTI VE MODEL

The nechani cal behavior of the salt was represented by the Miunson-Dawson
creep nodel . The nodel is state-of-art in predicting salt behavior
using a first principles approach. The model is presently being
validated with underground data from the WPP and the validation
exercises thus far show good to excellent agreenent of predicted room
cl osures with underground neasurements. The nodel predictions for SPR
subsi dence and  cavern pressurization rates agree well wth those
measured at West Hackberry (Ehgartner, 1992).

The nodel is a Miltinechani sm Steady-state Wrkhardeni ng/ Recovery Model

as originally devel oped by Minson and Dawson (1979) and later nodified
to provide a nore descriptive transient strain function (Minson, Fossum

and Senseny, 1989a,b). The nodel incorporates the Tresca flow potentia

and is based on micromechani stic concepts using a deformation mechani sm
map (Minson, 1979). The nmechani sm map defines regions of stress and
tenperature in which a unique deformation mechanism controls or
dom nates steady-state creep. The nodel identifies three steady-state
mechani sns.  The total steady-state strain rate is sinply the sumof the
strain rates of each individual mechanism

. 3 .
Eg = % Esi



The equations describing each of the individual steady-state nmechanisns
fol | ow. Mechani sm 1 (dislocation clinmb) dom nates at high tenperatures
and | ow stresses. Mechani sm 2 (undefined) controls creep at |ow
tenperatures and stresses, and Mechanism 3 (dislocation glide) dom nates
at high stresses at all tenperatures.

tgy= A1 ¢ WRT (oM

tsom= A2 e QAT (g/u)m2

tsy= [H| [B e Q/RTy B2 ¢ Q/RTy §inh (q(a-00)/u]

Each of the above nechanisns relates the steady-state strain rate to
tenperature, T, and stress, o. The tenperature was assunmed constant at
115 "F. The constants A, n, Q are determned from |l aboratory creep
tests. Qis the activation energy and n is the stress exponent. Ris
the universal gas constant and p is the shear nodulus of salt. |H| is
the Heaviside step function with argunent of (a-00). The basic form of
the creep law for steady-state Mechanisms 1 and 2 is simlar to that
used in previous analyses for both the Waste Isolation Pilot Plant
(WPP) and the SPR (Krieg, 1984).

Transient creep is included in the nodel through a function conposed of
a wor khardeni ng branch, an equilibriumbranch, and a recovery branch

The details of this component and the steady-state conponent of creep
are discussed by Minson, Fossum and Senseny (1989a). Transient strain
rate is related to the steady-state strain rate through the follow ng

function:
¢ =F &g

The transient function, F, is conposed of a workhardening, equilibrium

and recovery branch.

exp A (1 - §/£t)2 Wor khar deni ng
F=41 Equi l'i brium

exp -6 (1 - g‘/et)2 Recovery



A and § are workhardening and recovery paraneters and e is the
transient strain limt. The equation governing the rate of change of
the internal variable, ¢, is

¢ = (F-1) &g

The transient strain limt is related to stress and tenperature, T,
t hrough the follow ng function where Ko, ¢, and mare constants.

£t = KO eCt (a/“)m

The workhardeni ng and recovery paraneters are defined as a function of

stress through

A== ay + Bwylog(a/u)
6§ = ayr + Brlog(a/p)

where the o's and B’'s are constants with the subscripts denoting either
the workhardening or recovery branches.

The salt properties in the analyses were based on a series of |aboratory
creep tests performed on one sanple of salt core from Bayou Choctaw
(Wawersi k and Zeuch, 1984). The nmeasured strain rates from the triaxial
| aboratory creep tests enable an approxi mation of the properties of
steady-state Mechanism 2. The properties required for Mechanisns 1 and
3 were not available for Bayou Choctaw salt, therefore WPP properties
were used as needed. Mechanisns 1 and 3 are minor contributors to the
total creep of the salt given the tenperature and stress states in the
model . The WPP properties are from an extensive reeval uation of the
W PP data bases (Munson, Fossum and Senseny 198%a,b).

The transient properties used in the analysis are inportant because of
the pressure changes exerted on the web during workovers. The val ues
used in the transient portion of the nodel were also taken fromthe WPP
data set. But given their inportance, the values used in the anal yses
were verified by conparing the predicted to nmeasured strains of the



triaxial creep test perfornmed on Bayou Choctaw core. Si nce the
| aboratory tests include both transient and steady-state strains, the
ability to accurately predict both of these can be checked by sinulating
the | aboratory tests. The approach and results of this conparison are
more fully discussed in the Appendix to this report. The agreement was
excellent, thus providing confidence in the nodel and its paraneters.
Table 3 lists the elastic, steady-state creep, and transient creep

properties of salt used in the analyses.

Table 3
Mechani cal Properties of Bayou Choctaw Salt

El astic Properties

Poi sson's Ratio 0.25
Modul us of Elasticity (E) 31.0 GPa

Creep Properties

St eady- state Mechanism 1 St eady-state Mechanism 2
A1 8.386 E22 /s A2 8. 45 E10 /s
Q1 25000 cal/mol Q2 11830 cal/mol
nj 5.5 "2 4. 06
St eady-state Mechanism 3 Transient Creep
B1 6.086 E6 /s m 3.0
B2 3.034 E-2 /s Ko 6.275 E5
) 20. 57 MPa c 0.009198 /T
q 5.335 E3 Oy -17.37
B -7.738
or -2.69
R 1.987 cal/mol-deg Br -1.00

* Steady-state constants A2, Qp, np for Mechanism 2 were estinmated from
| aboratory creep tests (Wawersik and Zeuch, 1984). St eady-state
paraneters for Mechanisms 1 and 3 were taken fromthe WPP data base
(Munson, 1992) for pure halite. They should have minor effects on the
creep of the web given-its tenperature and stress states. Transi ent
paranmeters are also for pure halite from WPP data base. The above
paranmeters accurately simulated the |aboratory creep tests (see

Appendi x) .



The current version of the code does not change the constitutive nodel
or properties if failure is predicted. As a result, the predicted areas
of instability are approximate and should be thought of as 'potential’

areas of instability. [A new version of the nodel is under devel opnent
and shoul d be available for use in 1993. The new nodel wll feature a
much nore descriptive failure function with various nodes of failure,

and the ability to sinulate progressive failure of the salt through
adaptive neshing (Chan, Bodner, Fossum and Minson, 1992).]

The SPECTROM 32 code (RE/ SPEC, 1989), version 4.02, was used to perform
the simulations. The code is a two-dinensional finite-elenment
t her nonechani cal stress analysis program witten to solve nonlinear

ti me- dependent rock nechanics problens.

4.0 RESULTS

The predicted web safety factors for the initial 30 years of the
simul ation are shown in Figure 4. The first year results are not
plotted on the figure. That period approximated the solution mning of
the cavern by gradually reducing the cavern pressures from lithostatic
to normal operating pressure and the safety factors were quite high

Wth time, the safety factors at the sides of the web decrease to
approximately 5 at 30 years which, for the nost part, represents the
current age of the caverns. The predicted safety factor along the wall
of Cavern 15 (the larger cavern) is slightly higher.

Figure 5 shows the distribution of the safety factor through the web at
30, 30.25, and 30.75 years. These times are intended to correspond to
the current mature cavern state (30 yrs.) and imediately after a Cavern
15 workover (30.25 yrs.) and Cavern 17 workover (30.75 yrs.). The
figure shows how the safety factor is effected by workovers or periods

of low cavern pressure. The nost significant reduction is noted when
Cavern 15 undergoes a workover. The safety factor reduces from5.8 to
3.7 next to Cavern 15. The workover of Cavern 17 resulted in very

10



little change in safety factor, particularly on the opposite side of the
web. Thus it woul d appear that the pressures in Cavern 15 control the
stability of the web and a workover or depressurization of that cavern

can significantly reduce the safety factor of the web.

In reviewing the stress state in the web, it is noted that the mninmm
principal stress in the web was predicted to be 690 psi conpressive.

Thus tensile failure is not predicted in the salt. Further, sufficient

confinenent is present in the salt that the assuned failure criteria is
not vi ol at ed. As previously discussed, the maxinmm all owable
accunul ated strain is a function of confining pressure. The m ni num
principal stress falls within the assuned range in confining pressures
upon which the failure criterion is based. The minimumstress is
predicted in the wall of Cavern 15 immediately following a workover of

the cavern. During the first workover of Cavern 15, the mininum stress
at the wall was predicted to be 1200 psi. The next workover of Cavern
15 resulted in a mninmum stress of 850 psi in the wall. The final

workover Of Cavern 15 had a minimum stress of 690 psi associated with
it. It appears that as the web becomes narrower due to the drawdowns,

the possibility of a tensile stress state increases, but is not
predicted over the web sizes analyzed here (156 to 56 ft). Gt her 2-D
creep analysis (Ratigan and DeVries, 1989) of brine storage in two
cl osely spaced caverns of equal size have predicted tensile failure for
pillar-to-dianmeter ratios of less than 0.2 when one cavern was
pressurized up to 90 percent of lithostatic for purposes of cavern
certification. A cavern integrity test of Cavern 17 has shown
"significant transients due to interactions with Cavern 15" (Goin and
Buchanan, 1986), making test interpretation difficult. As a result, the

caverns are currently tested at approxinmately the same web pressure.

Figure 6 plots the predicted safety factor on each side of the web for
all three of the pressure/drawdown cycles. Because the safety factor
improves with distance into the web, the safety factors plotted in
Figure 6 represent the ‘mininmum values across the web thickness. As

previously noted, the largest drop in safety factor is due to Cavern 15

11



wor kovers and only a minor change is noted for Cavern 17 workovers. The
reduction in safety factor due to a Cavern 15 workover is abrupt over
the 3 nonth period and could be reduced by shortening the workover
period. This is evident by the abrupt stop in the decreasing trend when

the cavern is repressurized after the 3 nonth workover peri od.

The trends predicted in Figure 6 show drawdowns to initially inmprove the
safety factor of the web. This results fromthe renoval of the nore
highly strained surface salt in the walls of the caverns. However ,
because the web thickness is reduced during a drawdown, the rate of
strain accunul ation increases and the safety factor decreases at a rate
faster than its pre-drawdown rate. The tine required for the safety
factor to equal its pre-drawdown values varies from 0.5 to 2.5 years.
Thus the benefit of renobving the highly strained wall salt during a
freshwater drawdown is relatively short lived and probably wll

contribute to an overall decrease in cavern life

The safety factors in Figure 6 drop below 1 after 40 years, suggesting
the possibility of failure along the cavern walls in the web. Figure 7
profiles the safety factors through the web at 30, 35, 40, and 45 years

The predicted instability at 40 years is only a skin effect. However ,
at 45 years, potential failure is predicted through the entire web. It
appears that at sone time between 40 to 45 years, gross instability of

the web is possible under the operating scenarios assumed in this nodel

Figure 6 illustrates that the predicted times to failure are heavily
dependent upon the pressure and drawdown histories of the caverns.
Therefore the tinmes discussed in this report are applicable only to this
nodel and may not represent future cavern behavior, because the future
uses and operating pressures of Caverns 15 and 17 are unknown. A better
relationship for judging actual web stability may be web thickness,
al though again, it is recognized that the accumulated strain in a web of
a given thickness (and therefore safety factor) will depend upon the

pressure and drawdown history of the caverns.

Figure 8 plots the predicted web thickness over tinme. The predicted web

12



thi ckness after 40 years is less than 100 ft. Thus one coul d specul ate
that web thickness of less than 100 ft may be inadequate for stability,

particularly during a workover or |ow pressure operation of Cavern 15.

The conplexity of the stability/web thickness relationship is
illustrated in Figure 8 which shows the workovers of Cavern 15 to
produce a slightly thicker web, yet as previously discussed, a |ess
st abl e web. The web is thickened due to creep which is accel erated
during @ workover or period of |ow cavern pressure. Conversely, the
drawdowns reduce the size of the web, but initially result in a nore

st abl e web.

Thus knowing only the size of a web is not sufficient information for
determining its stability. The previous and future pressure/leach
times, durations, and magnitudes nust be known to nmke an accurate
eval uati on. Since this information remains largely unknown, the
anal yses presented in this report should be considered as generic. The
results are nmore applicable in establishing trends and understanding the
nmechanics of salt during workovers and | eaching. From this, guidance

can be provided for the future uses and operation of the caverns.

5.0 CONCLUSI ON

The stability calculations of the web of salt between Bayou Choctaw
Caverns 15 and 17 suggest a conpressive failure node rather than tensile
failure as previously thought. Earlier elastic-plastic analyses (Ney,

1979; and Hilton, et al., 1980) predicted tensile failure in the web due
to uneven |oading of the web. However, these analyses applied
i nstant aneous | oads and did not include a creeping constitutive node

for the salt. A gradual, nmore realistic load rate coupled with the
creeping constitutive nodel, which allows stresses to relax, resulted in
a conpressive stress state (>690 psi) in the web throughout the pressure
and drawdown histories sinmulated. Although the previous analyses differ
in the failure node, both predict potential web instability for

thi ckness of |ess than 100 ft.
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The previous cal cul ations showed the stability of the web to be a
function of the differential cavern operating pressures. Currently, the
caverns are operated at sinilar pressures. These anal yses show that due
to the larger size of Cavern 15 (2.5 times the dianmeter of Cavern 17) in
the web area, the pressure in Cavern 15 domi nates the stability of the
web and Cavern 17 pressure has little effect on overall web stability.

From a stability point of view. maintaining nornal pressures in Cavern

15 is nore inportant than operating the caverns as a gallery where both

caverns are operated at the sane pressure. However, during a workover.

it mav be prudent to operate the caverns under sinilar pressures to

avoid the possibility of a sudden and uncontrollable pressure at the
wellhead shoul d the web fail

A workover of Cavern 15 causes a significant inpact on the stability of
the web, whereas a Cavern 17 workover did not. Wr kovers of Cavern 15
decrease safety factors from 31 to 38 percent, whereas workovers of
Cavern 17 only decrease safety factors by 3 to 5 percent. This suggests
that if a Cavern 15 workover is required, the pressures in Cavern 17 nay
be reduced without nmuch inpact on the web. Lowering the pressure in
both caverns would reduce the risk associated with a |arge-scale breach
of the web that could lead to an abrupt pressurization of Cavern 15 and
possi bly an uncontrollable well. In contrast, |owering the pressure of
Cavern 15 during a Cavern 17 workover is predicted to significantly

increase the possibility of web failure

The dom nant behavior of Cavern 15 strongly arques for maintaining high

operating pressures in that cavern. shortening or avoiding workovers.

and repressurizing the cavern as soon as possible after a workover is

complete. Because Cavern 15 appears to control the stabilitv of the

web. it is much nore inportant to keep the normal operating pressures up
in Cavern 15 than in Cavern 17

Presently, freshwater cycles that would enlarge the caverns are not
recommended (Hogan, 1980). This recomendation is, in general

supported by the web anal ysis. However, drawdowns have a short-term

14



benefit. Drawdowns initially inmproved the web safety factors by
renoving highly strained salt near the walls of the caverns. For both
Cavern 15 and 17, drawdowns inmmediately inproved the safety factors by
approximately 20 percent. However, the narrower web that results from a
fresh water drawdown creeps faster than before the drawdown, thus the
benefit is short-lived, lasting only 0.5 to 2.5 years. If salt failure
is anticipated or occurring and is going to cause a problem it may be
beneficial to leach and renpve the highly strained and failed salt- but

this may be at the cost of overall cavern life.

As previously discussed, the nodeling in this report does not sinulate
the progressive yielding and displacement of failed salt fromthe web.
Further, no attenpt was nmade to sinulate or couple the hydrol ogic
aspects. As a result, one can only speculate as to the meaning and
consequences of predicted failure. O concern is whether or not nassive
pi eces of salt wll dislodge and perhaps danmage a hanging string, and
the tmeand rate at which the caverns will communicate and equilibrate
in pressure. An abrupt pressure rise during a workover would be
undesirabl e. Perhaps nore likely, the salt will initially shear along a
thin part of the web and allow the caverns to slowy 'commnicate'. The
anal ysis results suggest the tine at which the caverns coal esce (and
nmust be operated as a single cavern) will |argely depend upon how often

and which of the caverns are exercised in the future.
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Figure 1. Site Layout at Bayou Choctaw Showing Cavern Qutlines and Top of Salt
Contours (ft. below surface). Caverns 15 and 17 are located along

the North-East property boundary.
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Figure 4. Predicted Factors of Safety for Salt Stability at Sides of Wb

During The Initial 30 Years of Sinulation. The past operational
history of the caverns is approximated during the initial 30 years
of simulation as a constant pressure.
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SAFETY FACTOR
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Figure 5. Predicted Distribution of Safety Factors in Wb at 30 Years, 30.25

Years (End of Cavern 15 W rkover), and 30.75 Years (End of Cavern 17
Workover). The initial 30 years of simulation approximte the
historic operations of the caverns.
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